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Trophectoderm epithelium formation, the ®rst visible differentiation process during mouse embryonic development, is
affected in embryos lacking the cell adhesion molecule E-cadherin. Here we analyze the developmental potential of such
E-cadherin-negative embryos, focusing on the organization of cell junctions and the cytoskeleton. To do this we used
antibodies directed against a-, b-, or g-(plakoglobin)-catenin and junctional and cytoskeletal proteins including ZO-1 and
occludin (tight junctions), desmoglein1 (desmosomes), connexin43 (gap junctions), and EndoA (cytokeratin intermediate
®laments). Membrane localization of a- and b-catenin, and ZO-1, as well as cortical actin ®lament organization were
abnormal in E-cadherin-negative embryos, and the expression levels of a- and b-catenin were dramatically reduced, all
suggesting a regulatory role for E-cadherin in forming the cadherin±catenin complex. In contrast, the membrane localization
of plakoglobin, occludin, desmoglein1, connexin43, and cytokeratin ®laments appeared unaltered. The unusual morphogen-
esis in E-cadherin-negative embryos apparently re¯ects defects in the molecular architecture of a supermolecular assembly
involving zonulae adherens, tight junctions, and cortical actin ®lament organization, although the individual structures
still appeared normal in electron microscopical analysis. q 1997 Academic Press
INTRODUCTION used, and interpretation in general was ambiguous because
the cytoplasmic domain of E-cadherin was not blocked.
Taking another approach, we recently substantiated its roleStructural and functional characterization of cell adhe-
in trophectoderm formation in our laboratory by reversesion molecules has been a major topic in developmental
genetics; by homologous recombination and mating of thebiology in recent decades, because of their importance in
heterozygotes we have produced E-cadherin null-mutant (E-mediating cell±cell interactions in many morphogenetic
cad 0/0) mouse embryos (Larue et al., 1994). E-cad 0/0events during development. E-cadherin (uvomorulin) is the
embryos can undergo compaction thanks to maternal E-®rst and best characterized cell adhesion molecule of the
cadherin, and they are indistinguishable from littermatecadherin family. Although otherwise expressed exclusively
nonmutant embryos at this developmental stage. But later,in epidermal cell layers, E-cadherin is also the only classical
during formation of the trophectodermal cell layer, E-cadand functional cadherin expressed during preimplantation
0/0 embryos show a unique morphological defect. In wild-development in mouse embryos (for review, see Ekblom et
type embryos, the outer cells of the compacted morula gen-al., 1986), and it plays a critical role in the ®rst cell polariza-
erate the trophectoderm; it represents a true epithelial celltion event, the compaction process at late eight-cell to early
layer, with tight and gap junctions, zonulae adherens, des-morula stage (Vestweber and Kemler, 1985). The involve-
mosomes, and cytoskeleton (for review, see Fleming, 1992).ment of E-cadherin in preimplantation development has
We reasoned that the molecular architecture in the cyto-largely been studied using perturbing antibodies against the
plasm, comprising junctions and/or cytoskeleton organiza-extracellular domain (Shirayoshi et al., 1983; Damsky et
tion, might be affected by the absence of E-cadherin, makingal., 1984; Vestweber and Kemler, 1985; Manejwala et al.,
E-cad0/0 embryos a promising model to study the molecu-1986; Watson et al., 1990), but the effects on later trophecto-
lar architecture of the junctions and cytoskeleton.derm formation were discrepant among different antibodies
And now, we have examined the immunolocalization of
catenins, ZO-1 and occludin (tight junctional proteins), des-
moglein1 (desmosomal transmembrane protein), con-1 Present address: Institut Curie, F-75248 Paris Cedex 05, France.
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PVP) for 15 min at room temperature. For staining actin ®laments,nexin43 (a gap junction protein), actin, and cytokeratin ®l-
embryos were incubated in PHEM buffer (Houliston et al., 1989)aments) in E-cad0/0 embryos at Embryonic Day 3.5 (Ed3.5)
containing 2.5% paraformaldehyde plus 0.25% Triton X-100 andand Ed4.5. We could demonstrate both E-cadherin-mediated
0.1 mg/ml phalloidin (Sigma, St. Louis, MO) for 30 min at 377C,and -independent molecular architecture, as well as a role
followed by incubation in antibodies as described above. Embryosfor E-cadherin in morphogenesis. In addition, in the absence
were mounted in medium containing 50% glycerol, 50% PBS (pH
of E-cadherin some proteins underwent coordinate down- 7.4), and 100 mg/ml 1,4-diazabicyclo[2.2.2]octane (Sigma) and ex-
regulation of their accumulation. amined under a photomicroscope equipped with epi¯uorescence
optics (Zeiss, Germany) or a confocal krypton±argon laser-scan mi-
croscope (Leica, Germany). The digital images were printed using
Fujix Pictrography 3000 (Fuji Photo Film, Japan). For plakoglobin,MATERIALS AND METHODS
desmoglein1, or connexin43, the embryos were permeabilized with
0.5% Triton X-100 in PHEM buffer for 5±10 min at 377C, ®xedEmbryos and Embryo Culture
with methanol for 5±10 min at 0207C, and stained according to
the method above.Mice heterozygous for E-cadherin (E-cad //0) were crossed inter
se and kept in the animal facility at the Max-Planck-Institut fuÈ r
Immunbiologie. E-cad //0 female mice were used in experiments
at 7±9 weeks of age. Embryos were collected 68±70 hr post-hCG Transmission Electron Microscopy (TEM)
(human chorionic gonadotropin) injection (Ed2.5) from superovu-
lated E-cad //0 females that had been mated with E-cad //0 Embryos were ®xed with 2.5% glutaraldehyde in PBS for 5 min
males. Embryos from eight-cell stage onward were harvested and at room temperature and for 1 hr at 47C and post®xed with 1%
cultured in TE medium (Yamamura and Spindle, 1988) under paraf- aqueous uranyl acetate for 1 hr at 47C. Samples were dehydrated
®n oil at 377C in a humidi®ed atmosphere with 5% CO2 in air. through a graded series of ethanol and embedded in Epon. Ultrathin
sections were stained with uranyl acetate and lead citrate and
viewed in a Philips CM10 electron microscope.
Antibodies
The following antibodies were used: against E-cadherin, DE-
ImmunoblottingCMA-1, a rat monoclonal antibody, for which a hybridoma culture
supernatant was concentrated 20-fold with 50% (saturation) ammo- Immunoblotting experiments were performed as described (Oh-
nium sulfate and dialyzed against phosphate-buffered saline (PBS, sugi et al., 1996). Brie¯y, the embryos at Ed4.5 were sorted individu-
pH 7.4) (Vestweber and Kemler, 1985); and anti-gp84, an af®nity- ally as wild-type (E-cad /// and //0) or E-cad 0/0 by their mor-
puri®ed rabbit antibody (Vestweber and Kemler, 1984). phology, washed in six drops of cold PBS/PVP, treated in 30 ml of
Af®nity-puri®ed anti-peptide antibodies against a-catenin (anti- lysis buffer (Laemmli, 1970), and stored at 0807C until use. Lysates
M12K, Herrenknecht et al., 1991), against b-catenin (anti-M14M; of murine rectal carcinomal cells (CMT cells) were prepared as
Aberle et al., 1994), and against plakoglobin (anti-D15A; Butz et positive controls as described (Hoschuetzky et al., 1994). Lysates
al., 1994), as well as a monoclonal antibody against b-catenin of embryos or CMT cells were separated by SDS±PAGE on 7.5%
(C19220/L4; Transduction Laboratories, USA) were used. A rat acrylamide gels (Laemmli, 1970), and proteins were electrophoreti-
monoclonal antibody against EndoA, TROMA-1, was also prepared cally transferred to a nitrocellulose membrane. The separated pro-
as for DECMA-1 (see above) (Kemler et al., 1981). Rat monoclonal teins were probed with anti-a- or anti-b-catenin or anti-plakoglobin
antibody directed against ZO-1 (R40.76; Stevenson et al., 1986) was antibodies at 0.25±1 mg/ml in Tris±HCl, pH 7.4, buffered saline
generously provided by Drs. B. Stevenson and T. P. Fleming, rat plus Tween 20 (TBS-T). Bound antibodies were detected with the
monoclonal antibody against mouse occludin (MOC37) by Dr. S. appropriate peroxidase-conjugated anti-IgG goat F(ab*)2 fragment atTsukita, and rabbit antibodies against desmogleins (32-2B) by Dr. 1:10,000 dilution in TBS-T. The immunoblots were developed by
W. J. Nelson. Rabbit antibodies directed against connexin43 were ECL (Amersham). TBS-T was used as dilution, blocking, and wash-
a generous gift of Dr. O. SruÈ fern. All ¯uorophore-conjugated or ing buffer. To con®rm the phenotypes assessed from morphology,
peroxidase-conjugated secondary antibodies were purchased from the same membranes were additionally tested with the anti-E-cad-
Dianova (Hamburg, Germany). herin antibody and developed as described above.
Whole-Mount Indirect Immuno¯uorescence
Determination of Cell Numbers
Embryos were ®xed with freshly prepared 0.5% paraformalde-
To count the nuclei the embryos were treated with a hypotonichyde in PBS or 0.1 M Hepes (1 mM CaCl2 was added to the buffer
solution, ®xed, spread on a glass slide (Spindle, 1982), and thenfor stainings with DECMA-1) at pH 7.4 for 20 min at room tempera-
stained with aceto-orcein.ture, followed by a post®xation with methanol for 5±10 min at
0207C, and permeabilization with 0.25% Triton X-100 for 10 min.
After preincubation in 1% fetal calf serum in PBS for 30 min, im-
muno¯uorescence tests were carried out with primary and ¯uoro- Statistical Analyses
phore-conjugated secondary antibodies at appropriate dilutions
(listed in ®gure legends) for 30 min each at 377C, followed by one Frequencies of embryos in individual categories were compared
by Yate's complement x2 test.washing step in PBS with 3 mg/ml polyvinyl pyrrolidone (PBS/
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``wild-type,'' genotypically either/// or//0) or E-cadherin
negative (henceforth designated E-cad 0/0; see Larue et al.,
1994). The E-cad 0/0 embryos (28.3% of 215 embryos ex-
amined) exhibited unusual morphologies at Ed4.5 (Fig. 1),
and these could all be assigned to three categories: embryos
without cyst (Fig. 1B, Type I), embryos with cyst (Fig. 1C,
Type II), and embryos with cyst but no perivitelline space
(Fig. 1D, Type III). The relative frequencies of Type I, II, and
III were 46.0, 39.7, and 14.3% respectively (n  63). In Type
I and II embryos, cells were small and had loose contacts.
Type II looked like a blastocyst that had once been ex-
panded, as occurs in wild-type embryos, and then collapsed.
However, in Type II E-cad0/0 embryos, the positional allo-
cations of the cells were irregular and the zonae pellucidae
were not expanded, indicating that the embryos had not
undergone expansion. In Type III (Fig. 1D), outer cells were
cubical and not enlarged compared to those of wild type
(Fig. 1A). Thus, all E-cad 0/0 embryos showed unique mor-
phologies easy to distinguish from wild type.
At Ed3.5, 75% of wild-type embryos had already formed
cysts, but only 3.5% of E-cad 0/0 embryos contained even
small cysts. At Ed4.5, more than 39% of wild-type embryosFIG. 1. Variation in the morphology of E-cad 0/0 embryos at
had hatched, whereas at this stage only 3.3% of E-cad 0/0Ed4.5. (A) Expanded wild-type blastocyst. (B±D) E-cad 0/0 em-
embryos had one or two herniating cells. Thus, cyst forma-bryos. (B) Type I, embryos without cyst. (C) Type II, embryos with
cyst. (D) Type III, embryos with cyst but no perivitelline space. tion and hatching were signi®cantly (P  0.01) suppressed
Note the loose cell contacts in B and the cubical trophectoderm- or delayed in E-cad0/0 embryos (Table 1). This was not due
like cells in C and D. E-cad0/0 embryos are readily distinguishable to any delay of cell proliferation, since E-cad0/0embryos
morphologically from wild-type embryos. Scale bar, 20 mm. contained a statistically nonsigni®cant but detectable in-
crease in cell numbers (Table 2).
Distribution of Catenins in Wild-Type and MutantRESULTS
Embryos
Phenotype and Development of E-cad 0/0 Embryos As shown in Figs. 2 and 3, a- and b-catenins were detected
in all cell±cell contact sites of wild-type embryos at late mor-Using antibodies against the extracellular domain of E-
cadherin, embryos could be readily identi®ed as phenotypi- ula and blastocyst stages. The immunoreactivity of both ca-
tenins was very intense, and in double staining experimentscally either E-cadherin-positive (henceforth designated
TABLE 1
Cellular Events in E-cadherin Null-mutant Embryosa
No. of No. of No. of
Embryonic No. of Phenotype of embryos embryos hatching
Day (Ed) mice used E-cadherinb examined showing cyst (%) embryos (%)
3.5c 52 / 156 117 (75.0%) 0 (0.0%)
0 57 2* (3.5%) 0 (0.0%)
4.5c 34 / 154 148 (96.1%) 58 (39.2%)d
0 61 29* (47.5%) 2* (3.3%)e
a Five to eight independent examinations were performed.
b Phenotypes were classi®ed by staining of E-cadherin with a-gp84 or DECMA-1.
c Embryos were ®xed on Ed3.5 or 4.5 (91±97 hr or 115±121 hr post-hCG).
d Hatching embryos were easily lost because they adhered to the dishes.
e Only one of two cells were herniating.
* Signi®cantly different from results with E-cadherin-positive (/) embryos (P  0.01).
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TABLE 2 The protein levels of catenins were examined quantita-
Cell Number in Embryosa tively in E-cad 0/0 embryos by immunoblotting. The
amounts of both a- and b-catenin were greatly reduced (Fig.
Ed3.5 Ed4.5 5), but apparently not that of plakoglobin.
No. of No. of
Phenotype of embryos Cell number embryos Cell number
E-cadherinb examined (mean { SD) examined (mean { SD) Distribution of ZO-1 and Occludin as Tight-
Junction Proteins/ 35 34.9 { 10.2 45 67.9 { 23.8
0 12 38.3 { 12.9 16 78.4 { 21.8 In wild-type blastocysts, ZO-1 showed positive staining
mainly in the cell±cell contact sites of outer cells at morulaa Three or four independent examinations were performed at
stage (Fig. 6B) and in those of trophectoderm cells (Fig. 6AEd3.5 and Ed4.5.
and 6D) and even weakly in ICMs (data not shown). ZO-1b Phenotype was classi®ed by the morphology at Ed3.5 or Ed4.5.
was not detected or was negligible at Ed3.5 and Ed4.5 in
the cell±cell contact sites of E-cad 0/0 embryos (Figs. 6C,
6E, and 6F).
In wild-type embryos occludin showed a zonular distribu-their distribution patterns were very similar to that of E-cad-
herin (not shown). Signi®cant expression was also observed tion in cell±cell contact sites of trophectodermal cells at
Ed4.5, but it was negative or negligible in ICMs. The stain-in some cell±cell contact regions of E-cad 0/0 embryos at
Ed3.5 and Ed4.5, but the intensities were much weaker than ing pattern was similar to that of ZO-1 in wild-type em-
bryos. In type II and type III E-cad 0/0 embryos, occludinthose in wild-type embryos (Figs. 2 and 3).
Plakoglobin was detected at Ed4.5 in wild-type embryos as was clearly expressed and localized in the cell±cell contact
sites of trophectoderm-like cells (Figs. 7E and 7F), like inlinear or punctate membrane staining in cell±cell contact
sites of trophectodermal cells and as faint linear staining in wild-type embryos (Figs. 7A and 7B). In type I E-cad 0/0
embryos, the staining pattern varied; embryos with regu-those of inner cell masses (ICMs; Figs. 4A and 4B). Plakoglobin
was clearly expressed in E-cad 0/0 embryos and localized in larly allocated cells showed more regular positive occludin
staining in the contact sites of outer cells (Fig. 7D), whilecell±cell contact sites as lines in inside cells or as punctate
membrane staining in outer cells (Figs. 4C and 4D). embryos with irregularly allocated cells showed random im-
FIG. 2. Immunolocalization of a-catenin in wild-type (A±C, E, F) and E-cad 0/0 (D, G, H; marked with ∗) embryos at Ed3.5 (A±D) and
Ed4.5 (E±H). Note that in E-cad 0/0 embryos signi®cant immunoreactivities are observed in some cell±cell contact regions, but the
intensity is much weaker. G, type I; H, type II. A, C, D, E, G, middle positions; B, F, H, tangential positions. Wild-type embryos are
blastocysts except for morulae of C. Rabbit anti-a-catenin af®nity-puri®ed antibodies were used at 25 mg/ml. Scale bar, 20 mm.
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FIG. 3. Immunolocalization of b-catenin in wild-type (A±C, E, F) and E-cad 0/0 (D, G, H; marked with ∗) embryos at Ed3.5 (A±D) and Ed4.5
(E±H). Note that signi®cant immunoreactivities are observed in some cell±cell contact regions, but the intensity is much weaker in E-cad 0/0
embryos. G, type I; H, type III. A, C, D, E, G, middle positions; B, F, H, tangential positions. Wild-type embryos are all blastocysts except for
morula in C. Monoclonal or rabbit antibodies against b-catenin were used at 12.5 mg/ml and 25 mg/ml, respectively. Scale bar, 20 mm.
munoreactive dot staining in some cell±cell contact sites
(Fig. 7C). The latter variant of Type I (Fig. 7C) appears to
have dif®culty forming seals for cysts at later stages. Thus
it appeared that occludin localization varied in the different
types of mutant embryos. In contrast to the pattern of ZO-
1 staining, not all positive staining of occludin colocalized
with that of residual E-cadherin.
Distribution of Desmosomal and Gap-Junction
Proteins
Desmoglein1 was detected only in apicolateral cell±cell
contact regions and showed a punctate staining pattern in
E-cad 0/0 as well as in wild-type embryos (Fig. 8). The
staining pattern in E-cad 0/0 embryos was independent of
any variations in morphology, with types I, II, and III all
being similar.
As shown in Fig. 9, connexin43 was detected in cell±cell
contact sites of wild-type and E-cad 0/0 embryos at both
Ed3.5 and Ed4.5, exhibiting a dot-like or plaque-like staining
in ICMs of wild-type and E-cad0/0 embryos; linear staining
was found in the trophectoderm of wild-type embryos, as
well as in both the outer and trophectoderm-like cells of E-
cad 0/0 embryos.FIG. 4. Immunolocalization of plakoglobin in wild-type (A, B) and
E-cad 0/0 embryos (C, D; marked with ∗) at Ed4.5. Note that in
E-cad 0/0 embryos plakoglobin is expressed and localized in cell± Organization of Cytoskeletal Filaments
cell contact sites. C, type I; D, type III. A, C, D, middle positions;
Actin ®laments were uniformly detected along cell mem-B, tangential positions. Rabbit anti-plakoglobin antibodies were
used at 10 mg/ml. Scale bar, 20 mm. branes in both wild-type and E-cad 0/0 embryos at Ed3.5
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FIG. 5. Expression levels of a- and b-catenin and plakoglobin proteins in wild-type (WT) and E-cad 0/0 (0/0) embryos. Lysates of 50
embryos and a comparable amount of CMT cells (CMT) were separated by SDS±PAGE, transferred to membranes, probed with each
antibody, and developed with ECL. As a negative control (Co), wild-type embryos were probed with nonimmune rabbit IgG. The same
membranes were then washed and probed with anti-E-cadherin antibody to con®rm the phenotypes. E, position of E-cadherin. Arrowhead
shows position of each protein. Note that in E-cad 0/0 embryos the expression of a- and b-catenin was clearly reduced compared to wild-
type embryos.
and Ed4.5 (Fig. 10). However, in E-cad0/0 embryos staining cytokeratin ®laments were present in both stages with both
wild-type and E-cad 0/0 embryos. To provide further sup-was excessively concentrated in regions of irregular cell-
positional allocation within the embryo (Fig. 10). port for the immunocytochemical localization results of
junctional and cytoskeletal proteins in E-cad0/0 embryos,Positive staining of cytokeratin ®laments was observed
at Ed3.5 in outer cells of wild-type blastocysts and of E-cad transmission electron microscopical analysis was per-
formed to detect possible abnormalities of desmosomes and0/0morulae (Figs. 11A and 11B). These staining differences
were clearer at Ed4.5, with trophectoderm positive and ICM gap junctions. As can be seen in Fig. 12, all junctions looked
morphologically normal in all mutant embryos examined.negative (Figs. 11C and 11D). Clearly visible networks of
FIG. 6. Immunolocalization of ZO-1 in wild-type (A, B, D) and E-cad 0/0 (C, E, F; marked with ∗) embryos at Ed3.5 (A±C) and Ed4.5
(D±F). Note that ZO-1 is either not detectable or is negligible in cell±cell contact regions of E-cad 0/0 embryos. E, type I; F, type III. A,
D, and F, tangential positions; B, C, and E, middle positions. A and D, blastocysts; B, morula. Rat monoclonal antibody R40.76 against
ZO-1 was used at 1/50 dilution. Scale bar, 20 mm.
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mosomal protein, desmoglein1 (Mathur et al., 1994). This
suggests a possible indirect interaction between E-cad-
herin and these junctional proteins. During preimplanta-
tion development, a- and b-catenin (Ohsugi et al., 1996)
as well as E-cadherin (Vestweber et al., 1987) are present
at all stages, and in oocytes the E-cadherin±catenin com-
plex is already formed (Ohsugi et al., 1996). Plakoglobin
is very weakly expressed at early stages and ®rst becomes
complexed with E-cadherin at early morula stage. Plako-
globin is faintly detected in cell±cell contact sites at late
morula and then clearly in those of trophectoderm (Flem-
ing et al., 1991; Ohsugi et al., 1996). In E-cad 0/0 em-
bryos, a- and b-catenin were negative or very weak in all
cell±cell contact sites and the amounts of these proteins
were greatly reduced. The staining pattern and expression
level of plakoglobin appeared fairly normal and less af-
fected compared to those of a- and b-catenin. These re-
sults strongly support the idea that the membrane local-
ization and expression of a- and b-catenin are regulated
by E-cadherin. Normally, E-cadherin becomes associated
with actin ®laments via catenins to form a functional
adhesion complex (Ozawa et al., 1990). Here we show that
in E-cad 0/0 embryos actin ®laments were abnormally
prominent in regions of irregularly allocated cells, sug-
gesting disturbances in micro®lament arrangement.
Next we analyzed whether the absence of E-cadherin,
which affects the formation of zonula adherens junction,
may also affect the formation of other junctions, such asFIG. 7. Immunolocalization of occludin in wild-type (A, B) and
tight junctions, desmosomes, or gap junctions. Tight-junc-E-cad 0/0 (C, D, E, F; marked with ∗) embryos on Ed4.5. Note that
tional proteins included in this study were the integraloccludin is distributed in cell±cell contact sites of outer cells of
Type I and of Type III (C and D, type I; E and F, type III). A, C, D,
and E, middle positions; B and F, tangential positions. A and B,
blastocysts. Rat monoclonal antibody MOC37 against occludin was
used at 1/5 dilution. Scale bar, 20 mm.
DISCUSSION
E-cadherin null-mutant (E-cad 0/0) mouse embryos
can develop normally till Ed2.5 because of maternally
derived E-cadherin (Larue et al., 1994). Thereafter, the
lack of zygotic E-cadherin results in a unique morphology
(Fig. 1) and developmental failure (Table 1). Cyst forma-
tion and hatching, perhaps the most important cellular
events at Ed3.5 to Ed4.5, were markedly suppressed or
delayed (Table 1). This was not due to any delay in cell
proliferation in E-cad 0/0 embryos (Table 2). Type II and
type III E-cad 0/0 embryos represent unique morpholog-
ies, not previously reported, particularly for trophecto-
FIG. 8. Immunolocalization of desmogleins in wild-type (A, B)derm-like cells.
and E-cad 0/0 (C, D; marked with ∗) embryos on Ed4.5. Note that
E-cadherin-mediated cell adhesion requires a functional the distribution pattern of E-cad 0/0 embryos is similar to that of
E-cadherin±catenin complex (Kemler, 1993). In addition, wild-type embryos. C and D are two views of the same Type II
catenins interact with other cellular components; b-ca- embryo. A and C, middle positions; B and D, tangential positions.
tenin binds directly to a tight-junctional protein, ZO-1 A and B, blastocysts. Rabbit anti-desmoglein antibody 32-2B was
used at 1/1000 dilution. Scale bar, 20 mm.(Rajasekaran et al., 1996), and plakoglobin binds to a des-
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FIG. 9. Immunolocalization of connexin43 in wild-type (A, B, D) and E-cad 0/0 (C, E, F; marked with ∗) embryos on Ed3.5 (A±C) and
Ed4.5 (D±E). Although the morphologies differ between wild-type and E-cad 0/0 embryos, the connexin43 distribution patterns are the
same. E and F, views of the same embryo, Type II. A, C, D, and E, middle positions; B and F, tangential positions. A, B, and D, blastocysts.
Rabbit anti-connexin43 antibody was used at 1/25 dilution. Scale bar, 20 mm.
membrane protein occludin (Furuse et al., 1993) and the occludin protein (Furuse et al., 1994). In mouse embryos,
ZO-1 is ®rst detected immunocytochemically at the com-peripheral cytoplasmic protein ZO-1. The direct binding of
ZO-1 to occludin has been shown by using recombinant pacting eight-cell stage and localizes to the forming tight-
FIG. 10. Immunolocalization of actin ®laments in wild-type (A, B, D, E) and E-cad 0/0 (C, F; marked with ∗) embryos at Ed3.5 (A±C) and
Ed4.5 (D±F). Note that in E-cad0/0 embryos staining is more intense in regions of irregular allocation of cell positions (F, type II). A±F, middle
positions. A, D, and E, blastocysts; B, morula. Actin ®laments were decorated with TRITC±phalloidin, 2.5 mg/ml. Scale bar, 20 mm.
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FIG. 11. Immunolocalization of EndoA (cytokeratin ®laments) in wild-type (A, C) and E-cad 0/0 (B, D; marked with ∗) embryos on
Ed3.5 (A, B) and on Ed4.5 (C, D). Note that assembled cytokeratin ®laments were seen in the outer cells (B, right column) and trophectoderm-
like cells (D, right column) of E-cad 0/0 embryos as in wild-type embryos (A, C). D, type III. Left columns, middle positions; Right
columns, tangential positions. Rat monoclonal antibody TROMA-1 was used at 1/20 dilution. Scale bar, 20 mm.
junction membrane domain in the polarized trophectoderm ®laments are not involved in the enlargement of trophectoderm
cells or in blastocyst formation.lineage, ultimately forming a zonula belt around the troph-
ectoderm cell of the blastocyst (Fleming et al., 1989; Flem- Zygotic expression of connexin43, a member of the con-
nexin gene family (Valdimarsson et al., 1991), can ®rst being and Hay, 1991). Interestingly, we found that ZO-1 did
not localize to the cell membrane in E-cad 0/0 embryos, detected in gap junction-like plaques shortly after the eight-
cell stage is formed (De Sousa et al., 1993). Later, a zonularbut that occludin did localize to the correct position. These
results suggest that only ZO-1 needs E-cadherin±catenin distribution predominates between outside blastomeres of
compacted morulae and trophectodermal cells, whereascomplexes for correct cell membrane localization and/or
interaction with occludin. plaque-like structures persist between cells of the ICM (De
Sousa et al., 1993). The distribution pattern of connexin43Desmosomes are multimolecular, adhesive intercellular
junctions (for review, see Legan et al., 1992) which form at was similar in E-cad0/0 and wild-type embryos, indicating
that neither the assembly nor the maintenance of gap junc-around the 32-cell stage embryo, when blastocoel formation
starts (Fleming et al., 1991). Desmoglein1 is one of two known tions requires zygotic E-cadherin.
In electron microscopical analysis E-cad 0/0 embryosdesmosomal transmembrane glycoproteins. Its assembly is ®rst
detectable in early (2±4 hr postcavitation) blastocysts, showing had apparently normal looking junctions. These embryos
had only been selected by phenotype, but several embryosthe comparatively late expression of desmosomal proteins (for
review, see Fleming, 1992). EndoA is a trophectodermal cyto- gave similar results. One possible explanation for this appar-
ent discrepancy is that maternal E-cadherin is suf®cient forkeratin, assembled into intermediate ®laments as early as the
eight-cell stage (Emerson, 1988). The cytokeratin ®laments are the course of development of junctions. The lack of zygotic
E-cadherin thus seems not to affect the morphological struc-attached to the plaques of desmosomes (for review, see Legan
et al., 1992). E-cad0/0 embryos at Ed4.5 exhibited distribution ture of adherens and other junctions but reduces the neces-
sary accumulation of E-cadherin±catenin complexes. Lackpatterns of desmogleins and of cytokeratin ®laments, as well
as of plakoglobin, similar to those of wild-type embryos; proper of zygotic E-cadherin evidently prevents formation of the
cyst and enlargement of trophectoderm-like cells and causesorganization of desmosomes and cytokeratin ®laments was in-
dependent of zygotic E-cadherin. These ®ndings support earlier leakiness in vectorial ¯uid transport during cyst formation.
These cooperative effects between maternal and zygotic E-results. By injecting TROMA-1 antibody into blastomeres (Em-
erson, 1988) and by producing keratin 8 (EndoA) null-mutant cadherin presumably result in the unique abnormal mor-
phologies of E-cad 0/0 embryos.embryos (Baribault et al., 1993) it was found that cytokeratin
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